Recently, it has been found that crystalline tin selenide (SnSe) holds great potential as a thermoelectric material due to its ultralow thermal conductivity and moderate electronic transport performance. As thermoelectric application usually requires doped material, charge carriers can play a role in the thermal transport in doped SnSe, but such an effect has not been clearly elucidated in previous theoretical and experimental studies. Here we performed a fully first-principles study on the effects of electrons to the thermal transport in doped SnSe. The electron-phonon coupling (EPC) effects on both phonons and charge carriers were considered using the mode specific calculation in our work. It is found that for phonons, EPC are weak compared to the intrinsic phonon-phonon scattering even at high carrier concentrations and thus have negligible effects on the lattice thermal conductivity. The electronic thermal conductivity is not negligible when the carrier concentration is higher than 10 19 cm -3 and the values can be as high as 1.55, 1.45 and 1.77 Wm -1 K -1 on a, b and c axes, respectively, for 10 20 cm -3 electron concentration at 300K. The Lorenz number of SnSe is also calculated and it is dependent on crystal orientations, carrier concentrations, and carrier types. The simple estimation of electronic thermal conductivity using Wiedemann-Franz law can cause large uncertainties for doped SnSe.
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 To whom correspondence should be addressed. Email: hua.bao@sjtu.edu.cn (HB) The harvest of low grade waste heat is of great importance to the sustainable usage of energy. Thermoelectric (TE) materials are placed great expectations on achieving this goal [1] . Recently, SnSe has attracted enormous research interest due to its excellent TE performance [2, 3] . In 2014, Zhao et al. found that intrinsic SnSe crystal holds extremely low thermal conductivity which leads to its impressively high figure of merit (ZT) value of ~2.6 at 923K [2] . Later, it is verified that the heavily doped p-type SnSe owns very high ZT value along the b-axis due to its excellent electronic transport
properties [4] . The out-of-plane direction for bromine doped n-type SnSe has even better ZT performance, which reaches ~2.8 at 773K due to its ultralow thermal conductivity, high mobility and large Seebeck coefficient [3] . To explain the ultralow lattice thermal conductivity, the giant anharmonicity of this material has been suggested by theoretical studies [5, 6] and verified by experiments [7, 8] .
The reported high ZT values are usually achieved with heavily doped SnSe and the doping concentration is usually larger than 10 19 cm -3 [2, 4, 6] . The electron effects on the thermal conductivity cannot be simply neglected under such condition. On one hand, the charge carriers can scatter phonons and thus further reduce the lattice thermal conductivity. For example, Liao et al. [9] found that the lattice thermal conductivity of silicon is significantly reduced by charge carrier scatterings when the carrier concentration goes over 10 19 cm -3 . On the other hand, it is possible that the electronic thermal conductivity can play a role when the carrier concentration is high. In experiment, Zhao et al. [4] found the electronic thermal conductivity component of 1. law [2, 6, 10, 11] and constant relaxation time approximation (CRTA) [12, 13] were used, and it is roughly suggested that the electron thermal conductivity component cannot be neglected at a carrier concentration larger than 3×10 19 cm -3 [6] . However, such methods have been verified to hold large deviation for SnSe [14] and other thermoelectric materials [15] [16] [17] . In order to better understand the thermal transport mechanism in doped SnSe, it is necessary to perform a detailed mode specific analysis to investigate the effects of charge carriers on the thermal conductivity.
In this letter, we report the mode-by-mode analysis of both lattice and electronic thermal conductivity of doped SnSe, employing the first-principles calculations with a full consideration of phonon-phonon and electron-phonon scatterings. In the lattice thermal conductivity part, we considered both phonon-phonon (PPI) and electron-phonon (EPI)
interactions. Then, in the electronic thermal conductivity part, we consider charge carrier scattering by phonons. The calculated lattice and electronic thermal conductivity for both n-type and p-type SnSe in the carrier concentration range of 10 17 -10 20 cm -3 are presented. The results are compared and discussed with previous theoretical and experimental works.
By combining the phonon BTE and the Fourier's law [18] [19] [20] , the lattice thermal conductivity can be expressed as , ,
where λ = ( , ) denotes the phonon mode with wave vector q and polarization v ,
, is the volumetric specific heat, , is the component of the phonon group velocity, is the phonon lifetime, is the volume of the unit cell, ℏ is the reduced Planck's constant, is the phonon frequency, is the temperature, and is the Bose-Einstein distribution.
The crucial step is to calculate the phonon relaxation time , which is related to several scattering processes, here we only consider PPI and EPI. The total phonon relaxation time can be obtained by using Matthiessen's rule [21] as 1/ = 1/ + 1/ .
1/ denotes the phonon-phonon scattering rate which is related to the three-phonon scattering matrix element [22] . 1/ is the electron-phonon scattering rate which is related to the electron-phonon scattering matrix element [23] . It is determined by 1/ = 2Im(Π)/ℏ . Im(Π) denotes the imaginary part of the phonon selfenergy Π, which can be expressed as
The matrix element g , ( , ) quantifies the scattering processes between the electronic state nk and mk+q, Ω is the volume of the first Brillouin zone, and stand for Fermi-Dirac distribution, is the electron energy, ε is the Fermi energy, δ is a small positive parameter introduced to guarantee the numerical stability.
The electronic thermal conductivity can be extracted from the Onsager relations [24, 25] . Here we obtained electron relaxation time by considering electron-phonon coupling [23] . The electron relaxation time is determined by 1/ = 2Im(Σ)ℏ .
Im(Σ) denotes the imaginary part of the electron self-energy Σ, which can be expressed
The symbols have the same meaning as in Eqs.
(1) and (2).
All our first-principles calculations are carried out with Quantum Espresso [26] . A Perdew-Burke-Ernzerhof (PBE) form [27] of generalized gradient approximation (GGA) was employed as the exchange-correlation functional. The cutoff energy of the plane wave was set as 45 Ry, and a 6 × 10 × 10 Monkhorst-Pack (MP) k-points mesh was used for the self-consistent filed calculation. The convergence threshold of energy was set to be 10 -12 Ry.
We followed the workflow proposed by Li et al. [22] to calculate the phonon thermal conductivity. For harmonic force constant, the density-functional perturbation theory was used [28] . The q-points mesh was set as 3 × 3 × 3, the energy threshold for phonon calculation was set to be 10 -16 Ry to guarantee the convergence. For the cubic force constant, it was extracted through the combination of density functional theory calculation and the finite displacement method, as demonstrated in Ref. [22] . A supercell of 2 × 3 × 3 was used and the large 18 th nearest neighbors were included for the third-order interactions to cover the long-ranged dipole-dipole interactions, which was corresponding to a cutoff distance of ~6.35Å. For the electronic properties calculations, the electron-phonon scattering rate was calculated by the Electron-Phonon
Wannier (EPW) package [23] . It is based on the maximally localized Wannier functions (MLWFs) and generalized Fourier interpolation [29] . The electron band structure, the phonon spectrum and phonon potential differential as well as the electron-phonon coupling matrix elements are first calculated on the coarse grids of 6 × 6 × 6 k-points and 3 × 3 × 3 q-points, and are then interpolated to the dense 40 × 40 × 40 kpoints and 25 × 25 × 25 q-points.
SnSe holds Pnma space group at room temperature. The orthorhombic lattice structure is shown in the inset of Fig. 1 . After the lattice structure optimization, we obtain the unit cell lengths a=11.76Å, b=4.22Å, c=4.52Å, which are consistent with the results reported by others using a similar method [5] [6] [7] . It is well-known that density functional theory calculations underestimate the bandgap for semiconductors [30] , and it would have a strong effect on the electronic transport properties. The rigid band approximation (RBA) [31] was applied here to shift the entire conduction band uniformly to open up the bandgap and match the experimentally measured value of 0.86 eV [2] . With RBA, the carrier concentration is related to the Fermi energy [32] and it is equal to the integration of the production between electron density of state and Fermi-Dirac distribution. The electron and hole concentrations are later denoted as and , respectively. but our results are consistent with the previous theoretical studies [5, 6] and some other recent experimental reports [3, 10] . The discussions on the extremely low lattice thermal conductivity of SnSe is very convincing in the Refs. [5, 6, 33] , so they are not repeatedly discussed here. In below, we focus on the electron effects on the thermal conductivity.
Considering the phonon-electron process, we determined that the lattice thermal conductivity is reduced to 0.72, 1.80, and 1. This is further supported by Fig. 2 , where one can see that carrier concentration has little effects on the lattice thermal conductivity even when the carrier concentration is higher than 10 19 cm -3 . The scattering rate related to PPI and EPI are shown in Fig. 1 .
One can see the electron-phonon scattering rate 1/ due to EPI is much smaller than the phonon-phonon scattering rate 1/ . They are on an average value of 5.53 × 10 THz and 0.43 THz , respectively. This is different from the strong Fröhlich effects on wurtzite GaN [34] , Si [9] , and metals [35, 36] . SnSe is different from Si and GaN because it has stronger lattice anharmonicity, which gives quite large 1/ , while the magnitude of 1/ of SnSe is smaller than that of Si [9] . It is also different from metals because the concentration of carriers in doped semiconductors is still much smaller as compared to metals. The electronic thermal conductivity is also predicted based on the mode specific electron relaxation time and electron BTE, and the results are shown in Fig. 3 . We can see the electronic thermal conductivity increases quickly with the carrier concentration on the three axes. By adding the lattice and electronic thermal conductivity components together, we found that the electronic contribution becomes important when the carrier Thermal conductivity (Wm smaller than that on the b and c axes. This should be related to the large difference between the electron conduction bands and valence bands [37] . Our predicted electronic thermal conductivity for the n-type is slightly larger than the experimental results reported by Ref. [3] . The predicted total thermal conductivity value is very close to their results on the a axis, as shown in Fig. 2 (a) . For the p-type, our predicted value is smaller than the experimental results in Ref. [4] . However, the total thermal conductivity is still larger than theirs due to their extremely low lattice thermal conductivity, as shown in Fig 2 (b) . We also predicted the electrical conductivity of both n-and p-type SnSe, as shown in type. The anisotropy is also observed in the electrical conductivity. The electrical conductivity on the a axis is significantly smaller than that on the b and c axes at the low and mediate carrier concentration for both n-type and p-type. However, as shown in Fig. 4 (a) , the electrical conductivity on the a axis is dramatically larger for the ntype when the carrier concentration is close to 5×10 19 cm -3 . The tendency was also reported in Ref. [37] . Besides, the electrical conductivity on the a axis for n-type is significantly larger than that on the p-type, which suggests the good electronic transport performance for n-type and it holds great potential for thermoelectric application [3] .
This can also interpret the relatively larger electronic thermal conductivity on a axis for n-type compared to that of p-type shown in Fig. 3 . The values on the b and c axes are also larger for n-type at the same concentration. This is consistent with a recent report [14] . For comparison, the electrical conductivity predicted by different theoretical studies including CRTA [13] , single parabolic band (SPB) model [6] , and measured by experiments [3, 4] are presented in Fig. 4 . The CRTA method significantly underestimates the electrical conductivity for n-type SnSe, as shown in Fig. 4 (b) . SPB model is close to our mode specific method more or less. However, SPB model has larger derivation for both n-and p-type SnSe. Our predicted results of the electrical conductivity for the n-type SnSe on the a axis is very close to the experimental results reported by Ref. [3] . Ref. [4] reported larger electrical conductivity for p-type SnSe compared to our mode specific method and SPB method [6] , while our results are closer to the experimental results compared to the SPB method. This indicates that there exist some uncertainties in both CRTA and SPB models. [10] to evaluate the electronic thermal conductivity for SnSe at 800K. The wide range of the Lorenz number L can lead to large differences in predicting electronic thermal conductivity. Based on our calculation results, it is found that L is strongly related to crystal orientations, carrier concentrations, and carrier types, as shown in the insets of Fig. 4 . The Lorenz number can be regarded as a constant which is only related to the crystal orientations and carrier types when the carrier concentration is smaller than 5 × 10 cm -3 . However, it holds a complex behavior in the heavy doping concentration range, in which people who work on thermoelectric properties mainly focus on. It suggests that our more precise mode specific method is valuable to detect the accurate electronic thermal transport properties of SnSe.
In summary, we performed a first-principles study to predict the lattice and electronic thermal conductivity of doped SnSe. The effects of electron phonon coupling on thermal conductivity are carefully discussed. For the lattice thermal conductivity component, it is found that SnSe holds the extremely low value of 0.72, 1.80 and 1.36
Wm -1 K -1 on the a, b, and c axes, respectively, for 10 20 cm -3 electron concentration at 300K. The electron-phonon coupling has little effect on lattice thermal conductivity, which is attributed to the strong anharmonic phonon-phonon interaction. 
